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ABSTRACT 
We study the interactions between the stellar wind plasma flow of a typical M star, such 
as GJ 436, and hydrogen-rich upper atmospheres of an Earth-like planet and a “super-
Earth” with the radius of 2REarth and a mass of 10MEarth, located within the habitable zone 
at ~0.24 AU. We investigate the formation of extended atomic hydrogen coronae under 
the influences of the stellar XUV flux (soft X-rays and EUV), stellar wind density and 
velocity, shape of a planetary obstacle (e.g., magnetosphere, ionopause), and the loss of 
planetary pick-up ions on the evolution of hydrogen-dominated upper atmospheres. 
Stellar XUV fluxes which are 1, 10, 50 and 100 times higher compared to that of the 
present-day Sun are considered and the formation of high-energy neutral hydrogen clouds 
around the planets due to the charge-exchange reaction under various stellar conditions 
have been modeled. Charge-exchange between stellar wind protons with planetary 
hydrogen atoms, and photoionization, leads to the production of initially cold ions of 
planetary origin. We found that the ion production rates for the studied planets can vary 
over a wide range, from ~ 25100.1  s-1 to ~ 30103.5   s-1, depending on the stellar wind 
conditions and the assumed XUV exposure of the upper atmosphere. Our findings 
indicate that most likely the majority of these planetary ions are picked up by the stellar 
wind and lost from the planet. Finally, we estimate the long-time non-thermal ion pick-up 
escape for the studied planets and compare them with the thermal escape. According to 
our estimates, non-thermal escape of picked up ionized hydrogen atoms over a planet’s 
lifetime varies between ~0.4 Earth ocean equivalent amounts of hydrogen (EOH) to < 3 
EOH and usually is several times smaller in comparison to the thermal atmospheric 
escape rates. 
 
Keywords: stellar activity, low mass stars, early atmospheres, Earth-like exoplanets, 
ENAs, ion escape, habitability 
 
1. INTRODUCTION 
Recent discoveries of so-called low density “super-Earths” by various ground- and space-
based exoplanet-transit surveys indicate large populations of volatile-rich big rocky 
planets. Findings from ESOs High Accuracy Radial velocity Planetary Search project 
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(HARPS), and from NASAs Kepler space observatory, revealed that planets which are 
slightly larger and more massive compared to the Earth may be very common in the 
Universe. From the available statistics and the discovery of Kepler-22b, a “super-Earth” 
with the size of about 2.38 ± 0.13REarth within the habitable zone (HZ) of a Sun-type star, 
one can expect that planets orbiting within the HZ should be frequent in the Universe and 
should also orbit cooler, lower mass M dwarfs. Approximately 100 of them are found in 
the immediate neighborhood of the Sun (Scalo et al. 2007; Bonfils et al. 2011). These 
earlier estimations are now supported by a recent study by Dressing and Charbonneau 
(2013), which used optical and near-infrared photometry from the Kepler Input Catalog 
to estimate the occurrence rate of Earth-like planets orbiting dwarf stars. The estimation 
of Dressing and Charbonneau (2013), from the 248 early M dwarfs within 10 parsecs of 
the Sun, shows that there should be at least 9 Earth-size planets in their habitable zones. 
Moreover, from the radius-mass relation and the resulting density of discovered 
“super-Earths”, one finds that these bodies probably have rocky cores but are surrounded 
by significant H/He and/or H2O envelopes. These findings are in agreement with recent 
theoretical studies, which suggest that small planets are not necessarily rocky Earth-like 
bodies (e.g., Wuchterl 1993; Kuchner 2003; Léger et al. 2004; Ikoma and Hory 2012; 
Elkins-Tanton 2011; Lammer, 2012; Lammer et al. 2011a). For explaining the mean 
density of Kepler 11d, Kepler 11e, and Kepler 11f these “super-Earths’’ require dense 
H/He envelopes, similar to Uranus and Neptune, while Kepler-11b and 11c may have 
also additional H2O to their H/He gas envelopes (Lissauer et al. 2011), and GJ 1214b 
(Charbonneau et al., 2009) or 55Cnc e (Endl et al., 2012) may contain a huge amount of 
H2O. 
If Earth-like and “super-Earth”- type exoplanets can accumulate hydrogen from 
the nebula gas of an equivalent amount of 100 to 1000, and even up to 10
4
 times, that of 
an Earth ocean depends on the nebula dissipation time, the formation time of the 
protoplanet, its luminosity, and nebula characteristics such as grain depletion factors, etc. 
(e.g., Mizuno et al., 1978; Hayashi et al., 1979; Ikoma and Genda, 2006; Rafikov, 2006). 
Although Solar System planets such as Venus, Earth and Mars lost their nebula-based 
hydrogen envelopes during the first 100 Myr after their origin, or never accumulated such 
huge amounts due to step-wise accretion after the nebula gas disappeared, terrestrial 
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planets in other systems evolve under different conditions and may capture such a dense 
protoatmosphere which they may not lose during the extreme active period of their host 
stars. 
To understand how frequent “rocky” terrestrial planets really are, more 
observations are certainly needed. From the available statistics one can conclude that 
Earth-analogue class I habitats (Lammer et al., 2009a; Lammer, 2013) have to be 
- located at the right distance inside the HZ of their host stars, 
- must lose their nebula-captured H/He or degassed H2O and volatile-rich proto-
atmospheres during the right time period, i.e. not remain as mini-Neptune type 
bodies, 
- should maintain plate tectonics, liquid water and landmass above the water level over 
the planet’s lifetime, 
and 
- nitrogen should be the main atmospheric species after the stellar activity decreased to 
moderate values. 
The question if more massive “super-Earths” can maintain plate tectonics over time spans 
of several Gyr is controversial (e.g., Valencia et al., 2007; van Heck and Tackley, 2011; 
Korenaga, 2010). However, in this work we will not discuss the pro and contra about 
geophysical processes, but focus on the stellar wind erosion of captured H/He envelopes, 
orand? the hydrogen content of outgassed hydrogen-rich steam atmospheres, because the 
proto-atmosphere escape determines if a planet will evolve to an Earth-like habitat or 
may remain as a mini-Neptune.  
As it is shown by Erkaev et al. (2013) (part I of this study), depending on the 
availability of possible IR-cooling molecules and the planets average density, hydrogen-
rich “super-Earths” orbiting inside the HZ will experience hydrodynamic blow-off only 
for XUV fluxes several 10 times higher compared to today’s Sun. Most of their lifetime 
the upper atmospheres of these planets will experience strong Jeans escape which is still 
weaker compared to blow-off, so that they may not lose efficiently their dense hydrogen 
envelopes. Jeans escape is the classical thermal escape mechanism based on the fact that 
the atmospheric particles have velocities according to the Maxwell distribution. 
Individual particles in the high tail of the distribution may reach escape velocity at the 
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exobase altitude, where the mean free path is comparable to the scale height, so that they 
can escape from the planet’s atmosphere. When the thermosphere temperature rises due 
to heating by the stellar XUV radiation, the number of these energetic particles increases 
and the atmosphere finally reaches the state when the majority of the particles have 
velocities equal to or exceeding the escape velocity. In this case the atmosphere is not 
hydrostatic anymore, and starts to expand similar to the Parker-type solar corona. This 
mechanism is called blow-off and leads to a stronger escape in comparison to the Jeans 
mechanism. 
The blow-off stage is more easily reached at less massive hydrogen-rich planets 
with mass equal to that of the Earth. These planets experience hydrodynamic blow-off for 
much longer, and change from the blow-off regime to the Jeans-type escape for XUV 
fluxes which are < 10 times of today’s Sun. Because of XUV heating and expansion of 
their upper atmospheres, both of our test planets should produce extended exospheres or 
hydrogen coronae distributed above possible magnetic obstacles defined by intrinsic or 
induced magnetic fields. In such cases the hydrogen-rich upper atmosphere will not be 
protected by possible magnetospheres like on present-day Earth, but could be eroded by 
the stellar wind plasma flow and lost from the planet in the form of ions (Erkaev et al., 
2005; Lammer et al., 2007).  
Besides thermal escape from the hydrogen-dominated upper atmosphere of the 
two considered test-planets (Erkaev et al., 2013), briefly discussed above, one can expect 
that non-thermal atmospheric escape processes will also contribute to the losses. Non-
thermal escape processes can be separated in ion escape and photochemical, as well as 
kinetic, processes which accelerate atoms beyond escape energy.  Ions can escape from 
an upper atmosphere if the exosphere is not protected by a strong magnetic field and 
stretches above the magnetopause.  In such a case exospheric neutral atoms can interact 
with the host stars solar/stellar plasma (i.e., winds, CMEs) environment. The hydrogen 
atoms which flow upward from the lower thermosphere will be ionized by the stellar 
radiation, electron impact or charge exchange and then accelerated by electric fields 
within the solar/stellar wind plasma flow around the planetary obstacle (i.e. ionopause, 
magnetopause), so that they are finally picked up and lost form the planet’s gravity field 
(e.g., Lammer et al., 2007; Ma and Nagy, 2007; Lammer, 2013).  
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From space missions to non- or weakly magnetized planets such as Venus and/or 
Mars it is known that planetary ions can also be detached from an ionopause by plasma 
instabilities in the form of ionospheric clouds (Terada et al., 2002; Penz et al., 2004; 
Möstl et al., 2011), or by momentum transport triggered outflow through the planetary 
tail. On Earth ions outflow also over Polar Regions along open magnetic field lines 
(Lundin et al., 2007;  Yau and André, 1997; Wei et al., 2012). 
From the analysis of the available ion escape data from Venus and Mars by the 
ASPERA instruments on board of Venus Express and Mars Express, as well as from 
theoretical models, one can conclude that ion pick-up is a very dominant permanently 
acting non-thermal ion escape process, and most likely more efficient compared to the 
sporadic losses triggered by plasma instabilities or outflow through the planets tail. 
However, there may be extreme solar events which can enhance the ion outflow 
sporadically by cool ion outflow or plasma instabilities.   
Non-thermal escape processes of neutral atoms are caused by sputtering of 
atmospheric neutral atoms, photochemical processes such as dissociative recombination, 
and charge exchange. Direct escape by sputtering is only a relevant process for low mass 
bodies which have a mass ≤ Mars. utHowever, even in the case of Mars one can expect 
that sputter loss rates are an order of magnitude lower compared for instance to ion pick-
up (e.g., Leblanc and Johnson, 2002;  Chassefière and Leblanc, 2004; Lammer et al., 
2013). Direct escape of heavy neutral atoms, such as O and C, caused by photochemical 
processes is expected to be higher compared to ion escape from Mars (e.g., 
Krestyanikova and Shematovich, 2005; Chaufray et al., 2007; 2006; Fox and Hać, 2009; 
Lammer et al., 2013) but negligible or lower at more massive planets such as Venus 
(Gröller et al., 2010; 2012) or the Earth.  
Lighter atoms such as atomic hydrogen can also escape directly from more 
massive planets with escape rates lower or comparable to ion escape.  Theoretical models 
which studied the photochemical escape rates of H atoms (Shematovich, 2010) and ion 
pick-up ion escape rates (Erkaev et al., 2005) from the hot Jupiter  HD 208459b indicate 
comparable loss rates of the order of ≤ 109 g s-1, which are an order of magnitude lower 
compared to the modeled thermal escape (e.g., Yelle, 2004; 2006; Tian et al., 2005a; 
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Penz et al., 2008b; García Muñoz, 2007; Murray-Clay et al., 2009; Linsky et al., 2010; 
Koskinen et al., 2012).   
From the brief overview on various non-thermal atmospheric escape processes, 
one can conclude that stellar wind induced ion erosion from XUV-heated and extended 
hydrogen-rich thermospheres (Erkaev et al., 2013), where H atoms will most likely not 
be protected by a possible magnetosphere, so-called ion pick-up will be one of the most 
efficient non-thermal atmospheric escape process. Because of many unknowns related to 
minor atmospheric species in exoplanet atmospheres, as well as magnetic field properties, 
a study of more complex but most likely less effective processes, such as cool ion or 
polar outflow and photochemical non-thermal escape processes which are not even well 
understood at Solar System planets including the Earth, would yield highly speculative 
results. Therefore, in this study we focus on the modeling of the stellar wind plasma 
interaction, related ion production rates via charge-exchange and photoionization, and 
escape estimates of planetary pick-up ions from XUV exposed upper atmospheres which 
originate from hydrogen-rich thermospheres of an Earth-like (Rpl=1REarth, Mpl=1MEarth) 
planet in comparison with a “super-Earth” (Rpl=2REarth, Mpl=10MEarth). For reasons of 
comparative escape studies between thermal and non-thermal ion pick-up, we study the 
same test planets as investigated by Erkaev et al. (2013) within an orbit of a typical HZ of 
an M star with the size and mass of ~0.45RSun. For the host star of our test planets we use 
the well observed dwarf star GJ 436 (Ehrenreich et al., 2011; von Braun et al., 2012, 
France et al., 2012) as a proxy.  
So far the formation of such extended hydrogen coronae was only addressed in a 
brief way in Lammer et al. (2011a; 2011b), but never modeled in detail. In this study we 
apply a coupled Direct Simulation Monte Carlo (DSMC) upper atmosphere - stellar wind 
plasma interaction model (Holmström et al., 2008; Ekenbäck et al., 2010) to the results of 
Erkaev et al. (2012).  
In Sect. 2 we describe the DSMC model, which is used for the calculation of the 
exosphere and related hydrogen coronae, as well as the coupled solar/stellar wind plasma 
upper atmosphere interaction model. We validate our model by applying it to the Earth’s 
geocorona and comparing the simulation results with the present-day exosphere hydrogen 
density and energetic neutral atom (ENA) observations by NASAs Interstellar Boundary 
8 
 
Explorer (IBEX) satellite near the magnetopause boundary at ~10 REarth. After validating 
our model for the geocorona of present-day Earth, in Sect. 3 we describe the radiation 
and plasma parameters of our chosen M-type host star proxy, Gliese 436. In Sect. 4 we 
present the modeling results for the extended hydrogen coronae. In Sect. 4.1 the results of 
the stellar wind plasma interaction and the production of ENAs are shown as well as 
related planetary hydrogen ion pick-up escape rates as a function of the XUV flux values 
from 1 to 100 times that of today’s Sun. The atmospheric ion escape rates are compared 
with the thermal hydrogen neutral loss rates modeled by Erkaev et al. (2012) in Section 
4.2. In Section 4.3 we estimate the possible mass loss of hydrogen ions during the 
planetary lifetime and discuss the implications of our findings for the evolution of Earth-
like and more massive “super-Earths”. Section 5 summarizes the findings of our study. 
2 STELLAR WIND-UPPER ATMOSPHERE INTERACTION 
As shown by previous studies of Watson et al. (1981), Kasting and Pollack 
(1983), Tian et al. (2005b; 2008a; 2008b), Volkov et al. (2011), and Erkaev et al. (2013), 
hydrogen-rich terrestrial planets experience XUV-heated and hydrodynamically 
expanding non-hydrostatic upper atmosphere conditions. Depending on the particular 
environment (e.g., XUV flux, orbital distance, availability of IR-cooling molecules, the 
planet’s average density, etc.) the results of these studies indicate that such planets can 
expand their exobase level, which separates the collision dominated atmosphere from the 
collisionless region to distances from a few Rpl up to more than 20Rpl. As a result of such 
an expansion of the upper atmosphere an intrinsic planetary magnetic field will most 
likely not protect the exosphere against the stellar wind plasma flow (Lichtenegger et al., 
2010; Lammer, 2012; Lammer et al., 2011a). 
Due to the interaction between the stellar wind plasma flow and the XUV-heated 
non-hydrostatic upper neutral atmosphere of the planet, energetic neutral atoms (ENAs) 
are produced. ENAs originate due to charge-exchange when an electron is transferred 
from a planetary neutral atom to a stellar wind proton which then becomes an ENA. This 
interaction process between the stellar wind plasma and the upper atmosphere plays a 
significant role in the ion erosion of upper planetary atmospheres (e.g., Lundin et al., 
2007; Lammer, 2013). The production of ENAs after the interaction of stellar wind 
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protons via charge exchange with various upper atmosphere species is described by the 
reactions in eq. (1-3). 
ENAplplSW HHHH 
        (1) 
ENAplplSW HOOH 
        (2) 
ENAplplSW HNNH 
        (3) 
After its production an ENA continues to travel with the initial velocity and energy of the 
stellar wind proton. The atmospheric atom in turn becomes an initially cold ion which 
can afterwards be lost from the atmosphere due to the ion pick-up process (Lammer, 
2013). In the current study we focus our attention only on the reaction shown in eq. (1) 
which will dominate the stellar wind interaction with planetary hydrogen coronae around 
hydrogen-rich terrestrial planets.  
2.1 Model description 
In the current study the plasma interaction between the stellar wind and the upper 
atmosphere of the Earth-like planet and “super-Earth” is modeled applying a Direct 
Simulation Monte Carlo (DSMC) upper atmosphere-exosphere particle model which is 
coupled with a stellar wind particle interaction code. The 3D model is described in detail 
in Holmström et al. (2008) and Ekenbäck et al. (2010) and includes stellar wind protons 
and planetary hydrogen atoms. The latter are launched into the simulation domain from 
the upper atmosphere. The applied collision cross sections for hydrogen atoms, σH-H, and 
for protons and hydrogen atoms, σH+-H, are 10
-17
 cm
2
 and 2 × 10
-15
 cm
2
 (Ekenbäck et al., 
2010) respectively. Charge exchange between stellar wind protons and exospheric 
hydrogen atoms takes place outside a conic shaped obstacle that represents the magneto-
ionopause of the studied planet. Stellar wind protons that have charge-exchanged 
according to the reaction shown in eq. (1) become ENAs. 
Besides of the charge-exchange reaction, the model includes gravitation of the 
planet and tidal effects as well as scattering by atmospheric atoms of UV photons 
(radiation pressure) and photoionization by stellar photons. Inclusion of the tidal-
generating potential into the equations leads to the extension of the atmosphere toward 
and backward from the host star, and in extreme cases to Roche lobe overflow. 
Nevertheless, these effects are important for “hot Jupiters” which are located at very 
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close distance to their host stars, and do not play a significant role for the test planets we 
consider in the present study. All collisions are modeled using a DSMC algorithm 
(Holmström et al., 2008; Ekenbäck et al., 2010). The main code uses the FLASH 
software developed at the University of Chicago which provides adaptive grids and is 
fully parallelized (Fryxell et al., 2000). The coordinate system is centered at the center of 
the planet with mass plM , the 1x -axis is pointing towards the center of mass of the 
system, the 3x -axis is parallel to the direction of the angular velocity of rotation  , and 
the 2x -axis points in the opposite direction to the planet’s velocity. StM  is the mass of the 
planets host star. 
 Tidal potential, Coriolis and centrifugal forces, as well as the gravitation of the 
star and planet acting on a hydrogen neutral atom, are included in the code in the 
following way (Chandrasekhar, 1963) 
  lil
Stpl
StSt
i
i vx
MM
RM
R
GM
xxxxx
xdt
dv
31
2
2
2
3
2
2
2
1
2
2
2
1
2 2
2
1
2
1
2
1
 



























    (4) 
Here iv  are the components of the velocity vector of a particle, G is Newton’s 
gravitational constant, R the distance between the centers of mass,   the Levi-Civita 
symbol, and 
3R
GMSt . The first term in the right-hand side of the eq. (4) represents the 
centrifugal force, the second is the tidal-generating potential, the third the gravitation of 
the planet’s host star and the planet while the last term stands for the Coriolis force. The 
self-gravitational potential of a particle is neglected. 
 Charge exchange reactions between a neutral planetary hydrogen atom and a 
stellar wind proton may take place outside the obstacle representing a magneto- or 
ionopause 





 

2
2
3
2
2
1 1
t
s
R
xx
Rx         (5) 
Here sR stands for the magnetosphere or planetary obstacle stand-off distance and tR  the 
width of the obstacle. Since the obstacle shape and location depend strongly on the 
planetary magnetic field strength, one may model the interaction of the stellar wind with 
11 
 
magnetized as well as with non- or weakly magnetized planets by the appropriate choice 
of sR  and tR . 
2.2 Exosphere modeling of Earth’s observed atomic hydrogen geocorona 
ENAs have been observed around all Solar System planets where a spacecraft was 
equipped with a corresponding instrument (e.g., Futaana et al., 2006; Galli et al., 2008; 
Lammer et al., 2011a; 2011b). As shown in Fig. 1, the Interstellar Boundary Explorer 
(IBEX) satellite recently observed an ENA formation zone around Earth’s subsolar 
magnetopause stand-off distance, which is located at 10 REarth from the planet’s center 
(Fuselier et al., 2010).  
Before we apply our model to hydrogen-rich exoplanets, we validate it by 
reproducing the geocorona and recent ENA observations (Fuselier et al. 2010) around the 
Earth’s magnetopause by the NASAs IBEX satellite of present-day Earth. Fig. 2 shows 
our modeling results for Earth’s geocorona interacting with the present-day solar wind by 
taking all parameters of Earth's exosphere as given in Table 1 as an input.  
The average neutral hydrogen atom density at the magnetopause level obtained 
from our model is estimated to be ~8 cm
-3
 at the distance of ~10REarth. This density value 
coincides very well with the exospheric number densities inferred from the IBEX 
observations of ENAs near the magnetopause. In the case of the IBEX observation at 
March 28 2009, the computed and observed proton fluxes show an exosphere hydrogen 
density at a geocentric distance of ~10REarth of ~4 – 11 cm
-3 
(Fuselier et al., 2010). The 
estimates of the modeled ENA flux are in good agreement with the observed flux as well, 
predicting the flux of approximately 600 (cm² s sr keV)
-1
. This value falls inside the 
observed ENA interval of ~530 – 2300 (cm² s sr keV)-1 (Fuselier et al., 2010). 
The IBEX observation and our model validation can also be seen as a 
confirmation that under extreme radiation and plasma environments of the young Sun or 
more active stars a huge ENA formation zone, as suggested by Chassefière (1996) and 
Lammer et al. (2011; 2012), should be produced in the stellar wind interaction region of a 
hydrogen-rich extended upper atmosphere of an Earth-size planet when the exosphere 
density near the  magnetopause is more than 10
6
 times larger than that observed at 
present-day Earth. In the following sections we describe the input parameters and our 
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applied exosphere and ENA models to the XUV exposed hydrogen-rich Earth-size test 
planets. 
3. GLIESE 436: A HOST STAR PROXY FOR HYDROGEN-RICH 
TERRESTRIAL TEST PLANETS 
3.1 The radiation environment of Gliese 436 
Recently Ehrenreich et al. (2011) observed with the Hubble Space Telescope Imaging 
Spectrograph (HST/STIS) the Lyman-α emission (1215.67 Å) of neutral hydrogen atoms 
from the low mass M star, GJ 436. Because this emission is a main contributor to the 
ultraviolet flux it can also be used as a main tracer in studies of thermospheric heating, 
thermal escape, and possible absorption by extended hydrogen coronae and/or ENAs (e.g. 
Vidal-Madjar et al., 2003; Holmström et al., 2008; Ekenbäck et al., 2010; Ben-Jaffel and 
Hosseini, 2010; Lecavelier des Etangs et al., 2010; Lammer et al., 2011b; Ehrenreich et 
al., 2012, Lammer, 2013) during transit observations with ultraviolet transmission 
spectroscopy. We use GJ 436 as a typical M-type host star for our test-planet parameter 
studies. GJ 436 is a M2.5 dwarf star which is 10.2 pc away from the Sun. The dwarf star 
hosts a transiting “hot Neptune” at an orbital distance of about 0.03 AU (Butler et al., 
2004; Gillon et al., 2007). We adopt values for stellar mass and radius of 0.45 MSun and 
0.45 RSun, respectively, which are consistent with several independent parameter 
determinations of GJ 436 (Torres, 2007; Maness et al., 2007; von Braun et al., 2012). 
The location of the habitable zone (HZ) is calculated following Selsis et al. (2007). As 
their relations are only valid for effective temperatures down to 3700 K, this value is used 
instead of the true temperature of GJ 436, which is slightly lower (3400-3600 K; Torres 
2007; von Braun et al. 2012). Further, we adopt a bolometric luminosity of 0.026 LSun 
(Torres, 2007). This leads to a HZ extent of 0.12-0.36 AU assuming the limit of 50% 
clouds, as typical for the Earth. Hence, the center of the HZ is located at 0.24 AU, which 
we adopt as the orbit of our hypothetical exo-Earth. The orbital period of an Earth-analog 
planet within the HZ of GJ 436 corresponds to approximately 63.7 days, the orbital 
velocity to about 41 km s
-1
, and the angular velocity to 1.14·10
-6
 rad s
-1
. The age of GJ 
436 is about 6±5 Gyr and is not well constrained (Torres, 2007). However, the rotation 
period of 48 days (Demory et al., 2007) yields an estimated age of 2.5-3 Gyr (Barnes, 
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2007; Engle and Guinan, 2011). This estimation is in agreement with the lack of 
chromospheric activity indicated by the presence of Hα in absorption spectra. 
 GJ 436 has been detected by the ROSAT All-Sky Survey, which revealed an X-
ray luminosity of log LX = 27.13 erg s
-1
. Recent observations by the XMM-Newton 
spacecraft yielded a smaller value of only ~25.96 erg s
-1
 (Sanz-Forcada et al., 2011). We 
adopt the latter result because of the longer exposure time and better S/N of the XMM-
Newton observations compared to ROSAT data. Using coronal models, Sanz-Forcada et 
al. (2011) extrapolated the stellar emission in the total XUV range (5 - 920Å) and found 
log LXUV=26.92 erg s
-1
. Adopting this value and scaling it to the HZ center at 0.24 AU, 
we estimate an XUV flux of about 5.14 erg cm
-2
 s
-1
,
 
comparable to the present solar XUV 
flux at 1 AU of 4.64 erg cm
-2
 s
-1
 (Ribas et al., 2005).  
In the past, the stellar XUV flux, which was emitted from GJ 436 was certainly higher. 
The high-energy emission of young M dwarfs is saturated at log(LX/Lbol)~ -3 (e.g. Scalo 
et al., 2007), hence the maximum possible log(LX) for GJ 436 is ~29 erg s
-1
. Assuming 
that the XUV emission of young stars occurs predominantly in X-rays because of their 
hotter coronae, the maximum XUV flux at the Earth-equivalent orbit around GJ 436 was 
roughly 700 erg cm
-2
 s
-1
, or ~150 FXUV,now. 
Lyman-alpha emission of GJ 436 was detected by Ehrenreich et al. (2011) using 
HST/STIS observations. They reconstructed the intrinsic stellar emission by correcting 
for interstellar medium (ISM) absorption, leading to an apparent flux observed at Earth of 
~2.7±0.7 × 10
-13
 erg cm
-2
 s
-1
. Scaled to the HZ center, this yields ~20.51
 
erg cm
-2
 s
-1
, a 
factor of ~3.3 larger than the present solar value at 1 AU of 6.19
 
erg cm
-2
 s
-1
 (Ribas et al., 
2005). Recently, France et al. (2013) reconstructed the intrinsic Lyman-alpha flux of GJ 
436 by using a different approach. They obtained a value of 3.5 × 10
-13
 erg cm
-2
 s
-1
 with 
an uncertainty of about 15 – 30 %, which is slightly higher than the value given by 
Ehrenreich et al. (2011), but is consistent with the errors. The relevant stellar parameters 
and the measured radiation properties used in the model simulations for various assumed 
XUV flux values of a Gliese 436-type M dwarf are shown in Table 2. 
The photoionization rates corresponding to the four XUV flux enhancement 
factors were scaled from the average present solar value at Earth (1.1 × 10
-7 
 s
-1
; Hodges, 
1994, Bzowski, 2008) to the corresponding enhancement factors. The photoionization 
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rate is usually calculated as the product of ionization cross-section and spectral flux 
integrated over all wavelengths below the ionization threshold. Since full M star XUV 
spectra for different activity levels are currently not available, we assume that the present 
spectral energy distribution is equal to the solar one and scale it up by the constant factors 
given in Table 2. 
The UV absorption rates correspond to the product of the photon flux at the center 
of the Lyman-alpha line and the total absorption cross-section (5.47 × 10
-15
 cm
2
 Å; e.g. 
Quémerais, 2006). Adopting the reconstructed intrinsic line profile of Ehrenreich et al. 
(2011), the present value of the photon flux at the HZ center of GJ 436 is estimated to be 
~6.9 × 10
-3 
s
-1
.. To scale the Lyman-alpha flux and, hence, the absorption rate to higher 
XUV flux emission levels, we use the scaling between X-rays and Lyman-α from 
Ehrenreich et al. (2011). This assumes that LX/Lbol ≈ LXUV/Lbol and that the central 
Lyman-α flux scales approximately as the integrated line emission. The resulting 
absorption rates are also shown in Table 2. 
3.2 Expected stellar wind plasma properties 
Depending on the mass, size and resulting luminosity of the host star, the corresponding 
scaled HZ location in the case of GJ 436 is at 0.24 AU. This is a much closer orbital 
distance compared to that of the Earth (1 AU). As pointed out by Khodachenko et al. 
(2007), at orbital locations < 0.5 AU the flow of dense plasma related to stellar winds and 
coronal mass ejections (CMEs), energetic particle fluxes and XUV radiation cannot be 
neglected. Depending on the stand-off distance of the planetary obstacle which forms 
when the stellar plasma flow is deflected around the planet, previous test particle model 
results of Lammer et al. (2007) indicate that CO2-rich Earth-like exoplanets having no or 
only weak magnetic moments may lose from tens to hundreds of bars of atmospheric 
pressure, or even their whole atmospheres, due to the CME induced O
+
 ion pick-up at 
orbital distances ≤ 0.2 AU. 
 Due to the uncertainties on the mass loss and related plasma outflow from M 
dwarfs, we assume in our study, as in Khodachenko et al. (2007) and Lammer et al. 
(2007), the plasma environment close to the stars obtained from solar observations. There 
exist a limited number of measurements of the mass loss rates for M stars (Wood et al., 
2005, Ehrenreich et al., 2011), which in principle may be used for estimation of specific 
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stellar wind density and velocity. For these stars the mass loss rates are comparable or 
less than the mass loss rate of the Sun. At the same time, for the Sun we have a much 
better knowledge of the distribution and evolution of active solar regions and of the mass 
outflow in the form of solar wind and CMEs, which we use in the present study. Note 
that stellar wind density and/or velocity lower than the solar (assumed) values would 
reduce the portion of the produced and picked up ions. Such a reduction would not 
change our main conclusion that the ion pick-up loss makes up only several percent of 
the thermal loss, and the further results can be considered as an upper limit for ion pick-
up near an M dwarf like Gliese 436. 
 For the accurate study of stellar-planetary interactions one needs a reliable model 
which can simulate the propagation and evolution of the stellar wind plasma. For 
modeling the propagation and evolution of the stellar wind we use the Versatile 
Advection Code (VAC) (Toth, 1996). This model is able to simulate spatial and temporal 
evolution of the solar/stellar wind, as well as CMEs, from orbital distances ≥0.14 AU. 
It/The model includes a self-consistent Parker-type co-rotating magnetic field, and is 
based on the solution of the set of the ideal (non-resistive) non-relativistic 
magnetohydrodynamic equations (Toth, 1996). We use a spherical uniform computation 
domain, which occupies a radial distance region between 0.14 < R < 1 AU. The stellar 
wind in the model flows through the inner boundary of the computation domain at a 
semi-major axis location d = 0.14 AU and propagates out through the outer radial 
boundary at d = 1 AU. A self-consistent expanding stellar wind plasma flow under the 
conditions of a frozen-in, co-rotating, Parker-type, spiral magnetic field is numerically 
simulated (Odstrčil et al., 1999; Rucker et al., 2008).  
The typical parameters of the expected flow of the stellar wind plasma at d = 0.14 
AU are imposed along the inner radial boundary (Odstrčil et al., 1999) with an initial 
proton concentration n0 = 500 cm
−3
, stellar wind proton temperature, T0 = 500 kK, and a 
radial stellar wind velocity vr0 = 300 km s
−1
. For investigating the propagation of CMEs, 
in a second step the simulation of a CME cloud with an initial proton density n0 = 1000 
cm
−3
, proton temperature, T0 = 1700 kK, and a radial stellar wind velocity vr0 = 600 km 
s
−1
 is imposed at the inner boundary of the computation domain as a time-dependent 
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injection of hot and dense plasma into the ambient stellar wind (Odstrčil et al., 1999; 
Odstrčil et al., 2004).  
Fig. 3 shows radial profiles of the maximum values of plasma parameters (n, vr, 
T) during a solar analogue CME event (dashed lines, Case II) for a typical M-star with  
mass Ms ~ 0.45MSun and a rotation period 2.5 days, and those for the stellar wind itself 
(solid lines Case I). Therefore, in the stellar wind plasma interaction modeling with the 
upper atmosphere, described below, two types of stellar plasma parameters representing 
the lower (Case I) and upper limit (Case II) conditions at the HZ location of our test 
planets at 0.24 AU were used as inputs: 
 Case I: 250SWn  cm
-3
, 330SWv km/s, 
610SWT K, 
 Case II: 700SWn  cm
-3
, 550SWv km/s, 
6102SWT K. 
Here nsw corresponds to stellar wind concentration, vsw denotes its bulk velocity and Tsw 
stands for the stellar wind temperature. These values cover the predicted range for the 
expected stellar wind plasma parameters of GJ 436 at the HZ of the system. The upper 
limit (Case II) can also be considered as a proxy for modeling of frequent CME events in 
the system when the next CME event hits the planet immediately after the previous one. 
We can estimate the recovery time of the planetary atmosphere after the CME event on a 
very simple way. Since the test planets considered in the article are not magnetized, we 
assume that the recovery speed coincides with the sound speed (or the speed of slow 
magnetoacoustic wave), so that 
2/1
/




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

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H
exoB
tstCME
m
Tk
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
  where tR  is the obstacle 
width, 3/5  is the ratio of the specific heats, Bk  is the Boltzmann constant, Hm  is the 
mass of a hydrogen atom and exoT  is the exobase temperature. Taking the parameters 
from Tables 3 and 4 and depending on the characteristic size of the obstacle and the 
temperature, this time varies between approximately 7 and 14 hours for the Earth-type 
planet and 64 and 80 hours for the “super-Earth”. 
The next section is dedicated to the discussion of the obtained results and presents also 
the ion production rates for the hydrogen-rich Earth-like planet and the “super-Earth”. 
 
4. HYDROGEN EXOSPHERES, ENA PRODUCTION AND ION ESCAPE 
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In the following section we study the modification of the extended hydrogen exosphere 
due to the interaction of it with the stellar XUV and plasma flux. Because our hydrogen-
rich test-planets orbit within a typical M-star HZ at ~0.24 AU they will be affected by 
tides. As it was discussed in Khodachenko et al. (2007) tides arise because of the finite 
extension of the planetary body in the inhomogeneous gravitational field of its host star 
so that the continuous action of the tides will reduce the planetary rotation rate or may 
result in a synchronous rotation (Grießmeier et al., 2005). 
 The intrinsic magnetic field of a terrestrial planet is an essential factor for 
planetary protection from the ion pick-up atmosphere loss process. As shown in 
Khodachenko et al. (2007) and Lammer et al. (2007), because of the close orbital 
location within M-star HZs, the magnetosphere field of a terrestrial planet is more 
compressed due to the denser stellar wind impact compared with that of the solar wind at 
present-day Earth at 1 AU. In view of this fact the radial distance of the extended exobase 
of an XUV heated hydrogen rich upper atmosphere will most likely coincide with the 
planetary magnetopause or ionopause distance (e.g., Lammer et al., 2009a; Lammer et 
al., 2012, Lammer, 2013). 
4.1 Input parameters and modeling results 
As it was briefly discussed in Sect. 3.2, the magnetic moments of terrestrial planets, and 
especially that of ”super-Earths” within close orbital distances, are expected to be weak 
(e.g., Gaidos et al., 2010; Tachinami et al., 2011; Morad et al., 2011; Stamenkovic´ et al., 
2011Stamenkovi´c et al., 2012). This would lead to magnetoshperes or ionospheres 
which are compressed towards the planet’s expanded non-hydrostatic upper atmosphere 
by the strong dynamic ram pressure of the dense stellar wind plasma. On the other hand if 
the exobase level expands beyond several planetary radii one can also expect that an 
Earth-type magnetosphere will not protect the exosphere (Fig. 5: Lammer et al., 2007; 
Fig. 6 right panel: Lammer et al., 2011a). Taking this considerations into account, the 
planetary obstacle most likely is located very close above the exobase level (Lammer et 
al. 2009b). Because the shape of the planetary obstacle affects the ENA production and 
resulting loss of planetary hydrogen ions, we study also the influence of the obstacle 
width on the ion production rate and the upper atmosphere erosion. 
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In the first case the magnetic obstacle width tR  in the eq. (5) was assumed to be 
1.5 times greater than the magnetopause distance. This relation and its resulting obstacle 
shape is close to the observed magnetosphere of the present-day Earth and may occur if 
the planet has an intrinsic magnetic dynamo. In the second case we choose ts RR   so 
that it resembles more a Venus-type planetary obstacle which may correspond to a planet 
with no magnetic field, or only a very weak dynamo. By decreasing of the planetary 
obstacle width the ion production will significantly increase, so that a terrestrial planet 
with a Venus-type obstacle, where ts RR  , may lose larger amounts of atmospheric gas 
in ionized form (see Sect. 4.2). In the present study we do not specify the magnetic 
moment of a planet, but only chose a magnetospheric obstacle. 
For illustrating the differences between the stellar wind plasma interaction with a 
hydrogen-rich terrestrial planet which is exposed to both a weak XUV flux and an 
extremely strong one, we irradiate the two test-planets with the XUV flux of the present 
Sun (1 XUV) and with a 100 times higher XUV flux (100 XUV). Moreover, we 
investigate for these two XUV flux cases several stellar wind and obstacle scenarios. The 
main input parameters at the inner boundary of our simulation domain are shown for 4 
selected cases in Tables 3 and 4. As it was mentioned earlier, we apply the results 
obtained by Erkaev et al. (2012) to the upper atmosphere input paramters of our model. 
Erkaev et al. (2012) studied the thermosphere structure of a hydrogen-dominated Earth 
and a ”super-Earth” (Rpl=2REarth; Mpl=10Mpl) with a hydrodynamic upper atmosphere 
model which solves the equations of mass, momentum and energy conservation for low 
and high heating efficiencies, η of 15 % and 40 %, respectively. η defines the percentage 
of the incoming XUV energy which is transferred into heating of the neutral gas. Table 4 
shows the same input paramters for our model for a hotter atmosphere corresponding to 
the upper atmosphere values of Erkaev et al. (2013) with η = 40%. 
As one can see from Tables 3 and 4, the exobase distance which is chosen as our 
inner model boundary and the temperature are increasing for higher XUV fluxes. This 
behavior can be expected by taking into account a more intensive radiation flux from the 
parent star. Enhanced heating flux makes the scale height of the atmosphere increase, 
which in its turn moves the exobase to higher location. One can also see that an increase 
of the heating efficiency leads to an increase of the planet’s obstacle stand-off (which for 
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the studied non-magnetized planets practically coincides with the exobase) distances as 
well. Because of the expansion of the upper atmosphere under more extreme heating 
conditions (40%) the exobase densities are smaller in comparison to the 15% cases. 
Figs. 4 and 5 show the modeled hydrogen exospheres and the related stellar 
plasma interaction under various conditions around the test planets. All the figures show 
cross-sections of a 3D cloud in the 21, xx  plane similar to those in Fig. 2. Fig. 4 illustrates 
the appearance of the extended hydrogen coronae around the Earth-type planet while Fig. 
5 corresponds to the “super-Earth”. In all the cases the wider Earth-type planetary 
obstacle is assumed, except for Fig. 4d where a smaller Venus-like obstacle is adopted. 
The white area around the planets (which are shown as black dots) represents the 
inner atmosphere (non-hydrostatic thermosphere), which is not considered in the present 
study. Fig.4a and Fig.4b illustrate the influence of the XUV flux on the cloud formation. 
All simulation parameters for these two pictures are the same except for the XUV flux, 
which is chosen to be equal to and 50 times higher than the XUV flux of the present Sun. 
As one can see, the higher XUV flux leads to a more efficient expansion of the upper 
atmosphere so that charge exchange can be more intensive in the surrounding hydrogen 
corona. The effect of the planetary obstacle can be seen in a comparison of Fig. 4c, for an 
Earth-type planetary obstacle shape, with Fig.4d, for a Venus-type obstacle. In these two 
cases the upper atmosphere is exposed to the XUV flux which is 50 times higher 
compared to that of today’s Sun. 
Figs. 5a and 5b illustrate the importance of the heating efficiency. We show two 
model runs for the “super-Earth” for a comparison. Only the upper atmosphere 
parameters corresponding to the heating efficiencies were changed. A higher heating 
efficiency results in additional expansion of the upper atmosphere and in increasing 
production of ENAs in the vicinity of the planet (blue and red dots). Figs. 5c and 5d show 
the effect of the stellar wind velocity and density on the hydrogen coronae formation.  
Both figures, 5c and 5d, correspond to the most extreme XUV case, which is 100 
times higher than that of today’s Sun.  
As expected, the extreme stellar conditions result in a denser and faster stellar plasma 
flow, higher XUV fluxes and more intense heating of the upper atmosphere, as well as a 
decrease of the planetary obstacle width, which all lead to more intensive interaction 
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processes. The ENA part of the hydrogen corona (blue and red dots) becomes more 
visible, meaning an increase of the atmospheric erosion processes. One can see that a 
huge amount of exospheric hydrogen atoms is ionized or underwent charge exchange 
reactions in both cases, but stronger stellar wind significantly increases the number of 
ENAs in the vicinity of the planet as suggested by Chassefière, (1996).  
Chassefìère (1996) studied the hydrodynamic outflow and escape of hydrogen 
atoms from a hydrogen-dominated expanded thermosphere from early Venus. From this 
study it was estimated that the huge ENA cloud, which is generated via charge exchange 
due to the interaction between an extended exosphere and the surrounding solar wind 
plasma of the young Sun, may contribute to about 75 % of the energy inside the 
thermosphere which is used for escape of the outward flowing H atoms (see Fig. 3 in 
Chassefière, 1996). The stellar EUV flux is deposited mainly in the lower thermosphere 
(Erkaev et al., 2013), while the ENA flux directed toward the planet should be deposited 
at an atmospheric layer below the exobase. It can contribute to thermospheric heating and 
may as a consequence modify the upper atmosphere structure which could result in an 
enhancement of the thermal escape rate.  
 Our results related to the efficient production of ENAs around the planetary 
obstacle support the hypothesis of Chassefière (1996) that ENAs may contribute to upper 
atmosphere heating. A study which investigates the possible heating contribution of 
ENAs additionally to the stellar XUV flux is beyond the scope of this particular work, but 
is in progress for a follow up study during the near future. We note also that ENA clouds 
near the terrestrial exoplanets within orbits around M dwarfs might be observable in the 
stellar Lyman-alpha line by the Hubble Space Telescope and in higher resolution beyond 
the geocorona in the near future by the World Space Observatory-UV (Shustov et al., 
2009; Lammer et al., 2011b).  
In the next section we estimate how many of the produced planetary ions in the 
hydrogen coronae are picked up by the stellar wind plasma, and hence are lost from the 
planet.  
4.2 Stellar wind induced atmospheric erosion of planetary hydrogen ions 
As discussed above, interaction processes between the stellar wind and the upper 
atmosphere together with the photoionization by stellar photons lead in the case of 
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hydrogen-rich atmospheres to the production of atmospheric H
+ 
ions, see eq. (1). After 
ionization, the ions can be picked up by the stellar wind plasma and swept away from the 
planet. Because we are interested in the efficiency of the atmospheric ion escape, we 
estimate the average ion production rates under various conditions. We assume as 
discussed below that in the considered cases the production of planetary ions and the 
escape rate are most likely of the same order. 
Ions produced near and above the planet’s obstacle can be lost because of the ion 
pick-up process. Since these particles are not neutral anymore, they can follow the 
magnetic field lines in the stellar wind plasma and can be swept away from the planet’s 
gravity field. We consider the H
+
 ions produced above the planetary obstacle, where the 
collisions between atmospheric particles can be neglected. It is assumed that the ions may 
be lost if the gyro radius 
 
           (6) 
 
is small enough in comparison to the planetary radius (e.g. if the magnetic field in the 
vicinity of a planet is strong enough to change the trajectory of the ions significantly). 
Here im  is the mass of the ion, iv  is the velocity of the “cold” planetary ion assumed to 
be ~7 km s
-1
, q is the ion charge and B is the magnetic field near the planetary obstacle. 
In the case of a pure hydrogen upper atmosphere the ion mass and charge coincide with 
the mass and charge of a proton. The velocity of ~7 km s
-1
 is chosen as being slightly 
faster than the mean thermal velocity of a hydrogen atom for a temperature of about 2000 
K. The magnetic field at the distance ~0.24 AU from an M dwarf can be roughly 
estimated if one assumes a dipole character of the stellar field with the initial global value 
in the range of ~2 - 3 kG or ~0.2 – 0.3 T (Phan-Bao et al., 2009, Reiners, 2012). By 
assuming an average magnetic field on the star of  2 kG, the magnetic field at 0.24 AU is  
≈ 3104.1   G, which yields for an ion velocity of 7 km s-1 an ion gyro radius of ~525 m 
which is several orders of magnitude smaller compared to the radii of the studied planets. 
In such a case it is justified to assume that most of the produced H
+
 ions will be swept 
away from the planets by the stellar wind. If we assume that the ions are accelerated by 
the stellar wind electric field to the velocity of the stellar wind (Case I: 330 km/s, Case II: 
550 km/s), the ion gyro radius increases proportionally to ~25 – 40 km in two extreme 
,
qB
vm
r iig 
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cases. Here we assume the filling factor f=1 (see Phan-Bao et al., 2009), i.e. the maximal 
possible field strength. 
 Since the magnetic field of ~2 - 3 kG is typical for young and active M dwarfs, it 
could be convenient to determine the gyro radii for a weaker field of ~50 G for an older 
star with the age of several Gyr (Phan-Bao et al., 2009). The magnetic field at 0.24 AU is  
approximately 51057.3   G. A decrease of the magnetic field causes a proportional 
increase of the gyro radius (21 km for an ion velocity of 7 km s
-1
, 10
3
 km and 3106.1  km 
for 330 km/s and 550 km/s respectively). But even the highest value of ~1600 km is 
several times less if compared to the planetary radius, and more than an order of 
magnitude lower compared to the exobase radius where most ENAs are produced. These 
estimates support our assumption that the majority of the exospheric ions are lost from 
the planet and that the ion production rate is balanced by the escape rate at least during a 
significant part of the stellar life time. 
Estimates of the ion production rates and corresponding escape rates described in 
the previous sections are summarized in the Tables 5 and 6 for planetary obstacles which 
have an Earth-like magnetosphere shape. Table 5 presents the results obtained for a 
hydrogen-rich Earth-like planet for two stellar wind conditions and a heating efficiency 
η=15% and of a higher heating efficiency η = 40%, while Table 6 summarize the similar 
scenarios for the “super-Earth”. Atmospheric loss rates Lion are given in units of particles 
per second. As one can see from Tables 5 and 6, in the most cases the ion production and 
loss rate increases with the increasing XUV flux. Loss rates for faster stellar wind also 
exceed the corresponding values for the wind with lower velocity which is not surprising. 
Since the ion production rates depend not only on the assumed heating efficiency and the 
XUV flux, but also on the exobase density, the values for the lower-density case 
corresponding to a heating efficiency of 40% (Erkaev et al., 2013) are slightly lower in 
comparison to the 15% case shown in Table 6. 
This is also the reason why the values for the cases where the stellar XUV flux is 
about 100 times higher than that of the present Sun are not dramatically higher (or even 
slightly smaller) that the ion production rates for the lower XUV fluxes, although the 
intensity of the interaction increases. Under the intensity of the interaction in this case we 
mean the ratio of produced ions to the mean exospheric density. This value increases 
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monotonically for higher XUV fluxes in all cases considered in the present study. The 
reason for that is related to the corresponding exobase density that is lower because of 
expansion in the case of a hydrogen-rich upper atmosphere which is exposed to high 
XUV fluxes such as in the 100 XUV case (Erkaev et al., 2013). 
To investigate the influence of the planetary obstacle shape on the H
+
 escape rate 
Lion, we performed an analogous set of simulations by assuming a Venusian type 
planetary obstacle ( ts RR  ). Tables 7 and 8 present the calculated ion production rates 
and estimated ion escape rates for the two test planets under the same conditions as 
described in Tables 5 and 6 except for the shape of the planetary obstacle. As one may 
see from the comparison of Tables 5 – 6 and Tables 7 – 8, reducing the width of the 
obstacle by 1.5 times leads to an increase in the ion production rate (i.e. the escape in 
general) of ≈30%. Other factors which lead to an increase of the ion production rate are 
related to the increase of the stellar wind density and velocity, heating efficiency η, and 
enhancement of the stellar XUV flux of the parent star. All these dependencies should be 
considered and expected. 
For comparison, thermal loss rates change in the range from 29100.4   (1 XUV, 
η=15%) to 31103.4   (100 XUV, η=40%) for a hydrogen-rich Earth-type planet and from 
29106.1   (1 XUV, η=15%) to 31103.5   (100 XUV, η=40%) for a hydrogen-rich “super-
Earth”. In all cases these rates exceed the presented in the current study. For more 
information, see Erkaev et al., (2013). 
If we compare the modeled H
+
 ion pick-up loss rates with that of Mars (e.g., 
Lammer et al., 2003) or Venus (Lammer et al., 2006), which are in the order of ~10
25
 s
-1
,  
one can see that the pick-up loss rates for the hydrogen-dominated Earth-like planet are 
comparable for the 1 XUV case with a heating efficiency of 15 % and an Earth-like 
magnetopause shape, but would be a factor 10
3
 higher in the case of 40 % heating 
efficiency and/or a more narrower Venus-type planetary obstacle.  For the larger “super-
Earth” and XUV cases with higher values than that of the present-day Sun the loss rates 
are up to 10
4
 - 10
5
 times higher.  
 
4.3 Total ion escape 
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The loss rates shown in Tables 5 – 8 can be used for rough estimation of the total ion loss 
from the hydrogen envelopes around the studied planets. This question is important 
because, as shown by Erkaev et al. (2013), volatile rich “super-Earths” which contain IR-
cooling molecules can result in lower heating efficiencies of about 15 % so that for most 
of their lifetime they will not be in the hydrodynamic blow-off regime. In such cases non-
thermal atmospheric escape processes, like the studied H
+
 ion pick-up process, will 
contribute to the loss of their hydrogen-rich protoatmospheres. 
Before we investigate this mass loss one needs to know how long a typical M 
dwarf like Gliese 436 may keep a high level of the XUV and X-ray flux. According to 
Penz et al. (2008a) the temporal scaling law for the soft X-ray (0.6-12.4 nm or 0.1-2 keV) 
flux of a typical M dwarf with the mass of ≈ SunM4.0  can be described by the following 
relation 
 
77.0
017.0)6.0(
 tLGyrtLX , 
34.1
013.0)6.0(
 tLGyrtLX ,  (6) 
 
where 280 106.5 L erg s
-1
 and t is given in Gyr. The soft X-ray flux can then be scaled 
for the appropriate orbital distance by using the relation 24/ dLF XX  . 
Fig. 6 shows, approximately, the decrease of the soft X-ray flux of a Gliese 436 
analogous M dwarf during the first 1.3 Gyr of its life time. Since at present time the 
scaling law for the XUV radiation of M dwarfs is not yet well constrained, we use this 
soft X-ray scaling law instead of the XUV scaling law in our estimation for the total H
+
 
escape. Assuming this temporal scaling law for the star and taking the ion production 
rates from Tables 5 – 8, we can estimate the mass loss from the hydrogen-rich Earth-like 
planet and the “super-Earth” in the HZ of a Gliese 436 type M star after 4.5 Gyr (see 
Tables 9 and 10). For comparison the thermal escape rates are shown by using the values 
from Table 2 in Erkaev et al. (2013).  
The total ion loss is given in Earth ocean equivalent amounts of hydrogen (1EOH 
= 23105.1  g). It should also be mentioned that we do not consider escape during the first 
~100 Myr, the time of extreme stellar activity of an M dwarf, so that our estimates cover 
the time span ~0.1 – 4.5 Gyr. As discussed in Erkaev et al. (2013) during this early 
extreme period the temperature in the lower thermosphere may be >> 250 K, due to 
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magma oceans and frequent impacts. Hot lower atmosphere will enhance the atmospheric 
thermal escape during this early period. A follow up study which will investigate the 
earliest extreme evolutionary periods is in progress.  
In the present work we do not take into account the gradual decrease of the 
amount of gas in the planetary atmosphere due to escape processes, as we assume  that 
the hydrogen reservoir contains much more gas in comparison to the amount lost. As 
discussed in Sect. 1, such scenarios can be considered as real because most of the 
recently discovered “super-Earths” may have huge hydrogen envelopes which contain a 
few % of their whole mass (e.g., Lammer, 2013). 
If we compare the estimated atmospheric escape rates obtained for the thermal 
and ion pick-up processes for both test-planets in the HZ, it is clear that the thermal 
escape rate substantially exceeds the pick-up rate under the studied conditions. This is 
also the case when we consider the most extreme XUV and stellar plasma conditions, 
including a narrow planetary obstacle. A fraction of the evaporating neutral exosphere 
will be ionized so that ion pick-up will contribute to the total atmospheric escape rate, but 
as long as the upper atmosphere is in blow-off thermal escape will be the most important. 
In our study the escape rate of ionized hydrogen atoms can vary for an Earth-type 
planet from ~0.6 EOH under moderate conditions (15% heating efficiency, moderate 
stellar wind, Earth-type planetary obstacle) up to ~2.5 EOH for extreme environments 
(40% heating efficiency, denser and faster wind and a narrow Venusian obstacle type). 
The stronger gravity of the more massive “super-Earth” keeps the atmosphere 
closer to the planet’s surface, which slows down the charge exchange and 
photoionization processes. In this case the escape changes from ~0.4 EOH to ~2.14 EOH 
depending on the environment but remains smaller compared to escape from an Earth-
type planet (ranging from ~0.6 EOH to 2.5 EOH, see above). In all studied cases the non-
thermal H
+
 pick-up rate is several times smaller in comparison with the thermal one, but 
makes up a significant fraction of the whole loss processes. 
The results of our study, together with those of Erkaev et al. (2013), indicate that 
terrestrial exoplanets ranging in mass and size from Earth- to “super-Earths” may 
experience difficulties in losing dense hydrogen envelopes if they have H-dominated 
protoatmosphere remnants with >9 EOH (Earth: η = 15%) and >19 EOH (Earth: η = 40%). 
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For “super-Earth” these amounts are >3.5 EOH (η = 15%) and >10 (η = 40%). Dense 
hydrogen envelopes may be removed more easily if a particular exoplanet is located 
closer to its parent star such as Corot-7b or Kepler-10b (e.g., Leitzinger et al., 2011) 
which orbit their parent stars at ~ 0.017 AU, but not inside the HZ. We note also that due 
to the HZ location at greater distances from the parent stars, the stellar wind erosion of 
hydrogen-envelopes will be less efficient for planets inside the HZs of K, G and F-type 
stars. 
5. CONCLUSIONS 
In this study we investigated the non-thermal ion pick-up escape process from hydrogen-
rich, non-hydrostatic upper atmospheres of an Earth-like planet, and a hydrogen-rich 
“super-Earth” which is twice as large as Earth and ten times more massive. Both planets 
are supposed to be located inside the HZ of a typical M dwarf star with stellar properties 
similar as GJ 436. We showed that in the case of an M dwarf the produced planetary H
+
 
ions have a high probability to be picked up from the extended hydrogen coronae by the 
stellar wind plasma flow so that the ion production rate and the ion escape rate are 
perhaps of the same order. We exposed the two test-planets to various XUV fluxes from 
1 to 100 times that of the present Sun and found that in all studied cases the ionization of 
exospheric neutral hydrogen atoms by charge-exchange and photoionization contributes 
to the total atmospheric escape of the upper atmosphere, but do not prevail over the 
thermal escape. The total non-thermal atmospheric escape by ion pick-up from possible 
dense hydrogen envelopes during the life time of the studied planets is < 3 EOH. Our 
results indicate that if a rocky exoplanet did not lose the majority of its nebula captured 
hydrogen gas envelope, or degassed a huge amount of hydrogen-rich volatiles by thermal 
blow-off during the first hundred Myr after the planet’s origin, it is questionable if the 
stellar wind can erode a remaining dense hydrogen envelope non-thermally. The thermal 
escape is higher during the planet’s history, but is probably unable to remove such dense 
hydrogen envelopes as well. The situation may change dramatically for exoplanets which 
are located closer to their parent stars. Depending on the nebula life time, the formation 
process, planetary mass, stellar activity and plasma properties in the vicinity of the planet, 
the initial amount of hydrogen, thermal and non-thermal atmospheric escape processes 
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will determine if a planet becomes a world with an Earth-type atmosphere (and no 
hydrogen envelope) or remains a sub-Neptune type body.  
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TABLES 
Table 1. Model inner boundary “ib” atmospheric and solar wind input parameters for present-day Earth’s 
geocorona (Prölss, 2004). 
Rib [REarth] nHib [cm
-3
] Tib [K] XUVSun nsw [cm
-3
] vsw [km s
-1
] Tsw [K] 
1.078 7 ×10
4
 900 1 8 400 1 × 10
6
 
 
 
Table 2. Default stellar parameters as well as values of constants used in the simulations. 
Stellar radius [RSun] 0.45 
Stellar mass [MSun] 0.45 
Habitable zone [AU] 0.12 – 0.36 AU 
Orbital distance [AU] 0.24 
Angular velocity [rad s
-1
] 1.14 × 10
-6
 
Orbital period [days] 64 
XUV flux exposure [XUVSun] 1 | 10 | 50 | 100 
UV absorption rate [s
-1
] 3.9 × 10
-3
 | 1.2 × 10
-2
 | 2.7 × 10
-2
 | 3.9 × 10
-2
 
Photoionization rate [s
-1
] 1.1 × 10
-7
 | 1.1 × 10
-6
 | 5.5 × 10
-6
 | 1.1 × 10
-5
 
 
 
Table 3. Planetary input parameters taken from Erkaev et al. (2013) for different stellar wind properties 
and XUV fluxes which correspond to that of the present Sun and an XUV enhancement factor of about 100 
times for a low heating efficiency η = 15%. 
Parameter / Case Earth-type 
planet, 
1 XUV, 
Case I 
Earth-type 
planet,  
100 XUV, 
Case II 
“super-Earth”,  
1 XUV, 
Case I 
“super-Earth”, 
100 XUV,  
Case II 
Inner boundary: [Rpl] 7.4 18.8 3.5 13.0 
Inner boundary T [K] 240 2310 100 2075 
Obstacle stand-off distance:[Rpl] 7.5 19 3.6 13.1 
Obstacle width: [Rpl] 15 28.5 5.3 19.6 
Inner boundary density: [cm
-3
] 41075.7   41077.2   41025.7   4100.2   
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Table 4. Planetary input parameters taken from Erkaev et al. (2013) for different stellar wind properties 
and XUV fluxes which correspond to that of the present Sun and an XUV enhancement factor of about 100 
times for a higher heating efficiency η =  40%. 
Parameter / Case Earth-type 
planet, 
1 XUV, 
Case I 
Earth-type 
planet,  
100 XUV, 
Case II 
“super-Earth”,  
1 EUV, 
Case I 
“super-Earth”, 
100 EUV,  
Case II 
Inner boundary: [Rpl] 7.84 22.94 6.98 18.44 
Inner boundary T [K] 260 4875 500 4050 
Obstacle stand-off distance:[Rpl] 8 23 7.0 18.5 
Obstacle width: [Rpl] 12 34.5 10.5 27.0 
Inner boundary density: [cm
-3
] 41025.7   4105.2   4100.4   4105.1   
 
 
Table 5. Ion escape rates Lion in s
-1
 for a hydrogen-rich Earth-like planet and for a heating efficiency of 15 
%, exposed to the XUV flux values which are 1, 10, 50 and 100 times higher than that of the present Sun. 
The shape of the planetary obstacle is assumed to be similar to an Earth-type magnetosphere. 
H-rich Earth 1 XUV 10 XUV 50 XUV 100 XUV 
Case I, 
 η=15% 
291035.1   291032.6   301003.1   301059.1   
Case I, 
 η=40% 
291060.2   301058.1   301040.1   301057.1   
Case II, 
 η=15% 
291015.2   291050.9   301054.1   301055.2   
Case II, 
 η=40% 
291011.4   301017.2   301004.2   301040.2   
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Table 6. Ion escape rates Lion in s
-1
 for a hydrogen-rich “super-Earth” for a heating efficiency of 15 % and 
40%, exposed to the XUV flux values which are 1, 10, 50 and 100 times higher than that of the present 
Sun. The shape of the planetary obstacle is assumed to be similar to an Earth-type magnetosphere. 
H-rich “super Earth” 1 XUV 10 XUV 50 XUV 100 XUV 
Case I, 
η=15% 
251003.1   291064.4   291086.9   301066.1   
Case I, 
η=40% 
281062.8   291050.9   291071.9   301022.1   
Case II, 
η=15% 
251060.2   291018.8   301057.1   301079.2   
Case II, 
η=40% 
291062.1   301055.1   301059.1   301080.2   
 
 
Table 7. Ion escape rates Lion in s
-1
 for a hydrogen-rich Earth-like planet for a heating efficiency of 15% 
and 40%, exposed to the XUV flux values which are 1, 10, 50 and 100 times higher compared to that of the 
present Sun. The shape of the planetary obstacle is assumed to be Venus-like. 
 
H-rich Earth 1 XUV 10 XUV 50 XUV 100 XUV 
Case I, 
η=15% 
291075.2   291002.9   301033.1   301014.2   
Case I, 
η=40% 
291072.3   301097.1   301089.1   301054.2   
Case II, 
η=15% 
291005.5   30100.1   301023.2   301097.2   
Case II, 
η=40% 
291027.6   301023.3   301084.3   301015.4   
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Table 8. Ion escape rates Lion in s
-1
 for a hydrogen-rich “super-Earth” for a heating efficiency of 15 % and 
40%, exposed to the XUV flux values which are 1, 10, 50 and 100 times higher compared to that of the 
present Sun. The shape of the planetary obstacle is assumed to be Venus-like. 
H-rich “super Earth” 1 XUV 10 XUV 50 XUV 100 XUV 
Case I, 
η=15% 
271081.4   291047.8   301059.1   301074.2   
Case I, 
η=40% 
291031.2   301048.1   301069.1   301033.2   
Case II, 
η=15% 
281023.1   301038.1   301062.2   301010.4   
Case II, 
η=40% 
291017.5   301036.2   301087.2   301036.5   
 
 
Table 9. Thermal ( thL ) and non-thermal ( ionL  , H
+
 ion pick-up) loss over the time span of 4.5 Gyr for a 
H-rich Earth-like planet and a H-rich “super-Earth”, orbiting an M dwarf in the habitable zone at 0.24 AU 
by considering an Earth-type magnetosphere shape for the planetary obstacle form and the low and high 
heating efficiency of 15% and 40 %. 
H loss: Δt=4.5 Gyr  H-rich Earth [EOH] H-rich “super-Earth” [EOH] 
thL : η = 15 % 
thL : η = 40 % 
~ 7.0 
~ 16 
~ 2.2 
~ 8.0 
ionL : η = 15 %, Case I 
ionL : η = 15 %, Case II: 
ionL : η = 40 %, Case I 
ionL : η = 40 %, Case II 
~ 0.6 
~ 0.93 
~ 1.13 
~ 1.63 
~0.41  
~ 0.7 
~ 0.64 
~ 1.44 
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 Table 10. Non-thermal ( ionL , H
+
 ion pick-up) loss over the time span of 4.5 Gyr for an H-rich Earth-like 
planet and an H-rich “super-Earth”, orbiting an M dwarf in the habitable zone at 0.24 AU by considering a 
Venusian-type planetary obstacle shape and the low and high heating efficiency of 15% and 40 %. 
 
H loss: Δt=4.5 Gyr  H-rich Earth [EOH] H-rich “super-Earth” [EOH] 
ionL : η = 15 %, Case I 
ionL : η = 15 %, Case II 
ionL : η = 40 %, Case I 
ionL : η = 40 %, Case II 
~ 0.92 
~ 1.24 
~ 1.51 
~2.56  
~ 0.71 
~ 1.13 
~ 1.15 
~ 2.14 
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FIGURE CAPTIONS 
FIG. 1: Observed hydrogen ENAs by the IBEX spacecraft around Earth. The H ENAs 
count rate was integrated from 0.7–6 keV on 28 March 2009 from 04:54–15:54 UT. The 
peak is centered on the subsolar magnetopause and a significant ENA flux extends to ±10 
REarth (Fuselier et al., 2010). 
 
FIG. 2. Modeling results of Earth’s solar wind plasma interaction with the present-day 
geocorona. Green dots correspond to the solar wind protons, yellow dots represent the 
neutral hydrogen atoms moving with velocities below 10 km s
-1
 (particles which belong 
to the atmosphere) while the red and the blue dots represent ENAs with velocities above 
10 km s
-1
, moving towards and away from the Sun respectively. The dashed line denotes 
the magnetosphere obstacle. 
 
FIG. 3. Radial profiles for density, velocity and temperature as a function of orbital 
location in AU and of expected plasma properties of an ordinary stellar wind (solid lines) 
and during an CME event (dashed lines)  on an M-type star with a mass Ms ~0.45 MSun 
and a rotation period 2.5 days. For the simulation of stellar wind the initial proton density 
at 0.1 AU n0 = 400 cm
−3
, temperature T0 = 500 kK, and radial stellar wind velocity vr0 = 
300 km s
−1
 were taken. Simulation of a solar-analogue CME event uses the initial proton 
density n0 = 800 cm
−3
, proton temperature T0 = 1500 kK, and a radial stellar wind 
velocity vr0 = 600 km s
−1
. 
 
FIG. 4. Modeled atomic hydrogen coronae and stellar wind plasma interaction around an 
Earth-like hydrogen-rich planet inside an M star HZ at 0.24 AU (green: protons, yellow: 
H atoms, blue ENAs flying away from the star, red ENAs flying towards the star; dotted 
line: magnetopause/planetary obstacle). Fig.4a corresponds to the XUV flux which is 
equal to that of the present Sun, the moderate stellar wind (Case I) and a lower heating 
efficiency of 15%. Fig.4b corresponds to the similar input parameters as in Fig.4a, but the 
XUV flux is 50 times higher. Fig.4c corresponds to the 10 times higher XUV flux than 
the present one and a heating efficiency of 15%, as well as the moderate stellar wind 
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(Case I). Fig.4d: corresponds to the similar input parameters as in Fig.4c, but for the 
Venus-type narrower planetary obstacle. 
 
FIG. 5. Modeled atomic hydrogen coronae and stellar wind plasma interaction around a 
“super-Earth” hydrogen-rich planet inside an M star HZ at 0.24 AU (green: protons, 
yellow: H atoms, blue ENAs flying away from the star, red ENAs flying towards the star; 
dotted line: magnetopause/planetary obstacle). Fig5a: the XUV flux is 50 times higher 
than that of the present Sun, heating efficiency of 15%, the planet is exposed to a 
moderate stellar wind (Case I). Fig5b: similar conditions except for heating efficiency of 
40%. Fig.5c: the XUV flux is 100 times higher compared to that of the present Sun, 40% 
heating efficiency, moderate stellar wind (Case I). Fig.5d: similar input parameters as in 
Fig.5c, but exposed to a faster and denser stellar plasma flow (case II). 
 
FIG. 6. Illustration of the soft X-ray flux time-dependence for an M dwarf star with 0.4 
solar masses (dashed line) and the same curve for a Sun-like star (solid line) in the 
corresponding HZs normalized by the present Sun flux. The M star within this mass 
range remains about 200 Myr longer in its activity saturation phase compared to a solar 
like G star.  
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